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Nitrogenous compounds attract great attention because of their environmental impact and harmfulness to the
health of human beings. Various biological technologies have been developed to reduce the environmental risks of
nitrogenous pollutants. Bioelectrochemical systems (BESs) are considered to be a novel biological technology for
removing nitrogenous contaminants by virtue of their advantages, such as low energy requirement and capacity for
treating wastewaters with a low C/N ratio. Therefore, increasing attention has been given to carry out biological
processes related to nitrogen removal with the aid of cathodic biofilms in BESs. Prior studies have evaluated the
feasibility of conventional biological processes including nitrification, denitrification, and anaerobic ammonia
oxidation (anammox), separately or combined together, to remove nitrogenous compounds with the help of BESs.
The present review summarizes the progress of developments in BESs in terms of the biological process, cathodic

biofilm, and affecting factors for efficient nitrogen removal.
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Nitrogenous compounds attract great attention because of their environmental impact and harmfulness to the
health of human beings. Various biological technologies have been developed to reduce the environmental risks of
nitrogenous pollutants. Bioelectrochemical systems (BESs) are considered to be a novel biological technology for
removing nitrogenous contaminants by virtue of their advantages, such as low energy requirement and capacity for
treating wastewaters with a low C/N ratio. Therefore, increasing attention has been given to carry out biological
processes related to nitrogen removal with the aid of cathodic biofilms in BESs. Prior studies have evaluated the
feasibility of conventional biological processes including nitrification, denitrification, and anaerobic ammonia

oxidation (anammox), separately or combined together, to remove nitrogenous compounds with the help of BESs.

| 1. Introduction

Nitrogen, mainly in the forms of nitrate (NO3~) and ammonium (NH,*), is considered to be an important element in
water body, soil, and sediment matrix. Suitable nitrogen concentration favors the growth and metabolism of living
beings, however, excessive input of nitrogen into the environment results in eutrophication, bringing severe impacts
on the ecosystem and potential risks to human beings . For example, excessive intake of nitrite can cause
methemoglobinemia. Thus, increasing attention has been given to reduce the content of nitrogenous contaminants.
Biological, chemical, and physicochemical methods have been evaluated as efficient ways to reduce the content of

nitrogenous contaminants. Among the methods, the biological method is of particular interest due to its advantages
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of cost-effectiveness, less energy and chemical requirements, and satisfactory treatment efficiency (2.
Bioelectrochemical systems (BESs) are a novel biotechnology based on the extracellular electron transfer ability of
exoelectrogens B4l They are regarded as a potential biotechnology for reducing environmental pollution, along
with the generation of green energies such as electric power and hydrogen gas, and value-added organic matters
(81, Exoelectrogens play irreplaceable roles in BESs 8. They act as an electron sink in an anode surface to store
electrons attracted by the degradation of organic matter, or as an electron source in a cathode surface to deliver
electrons to reducible contaminants. Therefore, BESs could treat wastes with the aid of both anode and cathode
reactions Bl The emergence of biocathode is one breakthrough of BESs. In the biocathode, cathodic
exoelectrogens receive electrons from the surface of the athode, and then transfer the electrons to reducible
matters such as oxygen 2. Considering that a positive potential difference exists between the anode and cathode
in an electrochemical system when using acetate as an electron donor (Ep'ncos/chacoo = —0.290 mV vs. standard
hydrogen electrode (SHE)) and nitrate (Ey’ nozno2 = T433 mV vs. SHE) or nitrite (Ey' no2no = 350 mV vs. SHE)
as an electron acceptor, an energy-generating process is theoretically attainable 19, The difference in redox
potential of nitrate and O, is less than 100 mV, E ' (O,/OH™) = 0.40 V L. The reduction reaction of nitrate is

summarized in Table 1 [12113]

The removal process of ammonia in BES can be illustrated as follows4l:

Anode:
CH3COO™ + 2H,0 — 2CO, + 7H* + 8e~ (1)
Cathode:
NH4+ + 1502 e NOZ_ + Hzo + 2H+ (2)
NO,™ + 3e™ + 4H* - 0.5N, + 2H,0 (3)

Nitrate has also been reduced with the aid of electroactive denitrifying bacteria within the cathodic biofilm 3. |t
was observed that a complete denitrification process occurred in biocathode BESs, resulting in 0.66 £ 0.01 kg N
m~3 d~1 at a C/N ratio of 3.5 + 0.3 and the highest electric power density of 0.84 + 0.05 W m™2. Afterwards, it was
revealed that BESs have the ability to treat wastewaters with a low C/N ratio because the electrons for reducing
nitrate have been provided by the cathode instead of organic matters in the conventional bioprocess [£2l. Recently,
increasing attention has been given to evaluate nitrogen removal with the assistance of BESs in terms of

influencing factors, reactor configuration, and microbiology.

Table 1. Summary of denitrification reactions and theoretical potential [18IL7I[18]
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Process Cathodic Reduction Reaction Eo (V vs. Ag/AQCI)
Nitrate reduction NO3; ™+ 2e™+ 2H* - NO,™+ H,0 +0.233
Nitrite reduction NO,™+ e ™+ 2H* - NO + H,0 +0.150
Nitric oxide reduction NO + e ™+ H* - 0.5N,0 + 0.5H,0 +0.975
Nitrous oxide reduction 0.5N,0* e~ + H* - 0.5N, + 0.5H,0 +1.155
Overall denitrification NO3™ + 6H* + 5~ - 0.5N, + 3H,0 +0.549

Considering the significance of nitrogen removal and increasing concerns, the present review summarizes the
development of nitrogen reduction within the cathodic biofilm of BESs. The typical configuration of BESs and the
principle of biological nitrogen reduction are narrated for newcomers focusing on BESs and nitrogen removal.
Moreover, the development of a reactor configuration for the purpose of nitrogen reduction, the influencing factors
and strategies to promote nitrogen removal efficiency, and biocathodic microbiology are discussed. The present
review expects to provide valuable information on the current development of nitrogen removal by BESs, and to
discuss the challenges for future investigations and development of more efficient removal of nitrogen
contaminants with the aid of BESs.

| 2. Nitrogen Removal Process in BESs

A biological process is generally used to remove nitrogen from wastewater. The traditional process is nitrification
and denitrification (Figure 1, Table 1). There are also some new denitrification technologies for nitrogen in
wastewater, such as simultaneous nitrification—denitrification (SND), shortcut SND, and anaerobic ammonia
oxidation (anammox) 2. These can be combined with the traditional nitrogen removal process to increase its
advantages or achieve better treatment results, and to reduce the treatment cost. Compared with heterotrophic
denitrification in traditional (BNR), BES technology can avoid the need for exogenous organic carbon sources by
generating electric power from the treatment of nitrogenous compounds in wastewater, which can substantially
reduce the total cost and achieve sustainable wastewater treatment 29211, However, most nitrogen that exists in
wastewater is in the form of ammonium, and therefore nitrification is needed in a BES by adding a separate aerobic

nitrifying unit before the denitrification or increasing aeration in the cathode to oxidize ammonium to nitrate 221,
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Figure 1. Flow chart of the traditional biological process for removal of nitrogenous compounds.

2.1. Denitrification Process

Autotrophic denitrification plays an important role in BESs. Autotrophic denitrification bacteria utilize hydrogen, iron,
or sulfur chemical compounds as energy sources and carbon dioxide or bicarbonate as the carbon source. The
biotic process involving ferrous ions (Fe2*) decreases nitrate to nitrite autotrophically in low-iron surroundings 231,
The standard potential of NO5™ is high enough to act theoretically as electron acceptors in BESs. However, prior
research has demonstrated that the NO3;™ reduction reaction does not occur on the surface of an abiotic cathode;
and later, it has been observed that the denitrification process was successfully achieved within the cathodic biofilm
(241251 For conventional denitrification, heterotrophic denitrifying bacteria require organic matter as electron donors.
However, wastewaters with low C/N ratio are difficult to treat through a conventional denitrification process.
Insufficient organic carbon leads to partial denitrification and production of toxic intermediate such as NO,™ or
greenhouse gas of N,O. For BESs, however, the cathode acts as a solid electron donor, and autotrophic
denitrifiers carry out the nitrogen removal process, along with heterotrophic denitrifiers that work with organic
matter as an electron donor. Therefore, BESs could successfully polish wastewaters with a low C/N ratio such as
groundwater 281, Zhao et al. observed that over 97% of NO5~ was removed from groundwater with a C/N ratio as
low as 0.75, and no accumulation of NO,~ was confirmed [ZZ. The denitrification process was carried out by both
heterotrophic and autotrophic denitrifiers. It was revealed that heterotrophic denitrifiers dominated in the
suspension, whereas autotrophic denitrifiers were located predominantly within the biofilm, because autotrophic
denitrifiers took advantage of the cathode as an electron donor and competed over the heterotrophic denitrifiers
within the biofilm. Relative to conventional denitrification, BES technology can reduce the operational cost because
of the avoidance of the additional supplementation of organic carbon when treating wastewaters with a low C/N
ratio (28],

Ding at el. found that a BES combined with the flocculation process achieved an ammonia removal rate of 269.2 +
0.5 g m™2 d! (removal efficiency of 99.1 + 0.1%), a maximum power density of 37.5 W m~3, and a CE (Coulomb
efficiency) of 21.6% in the treatment of swine wastewater. The net economic gain was evaluated to be $ 0.026 m™3

(291 Table 2 summarizes some traditional nitrogen removal processes and nitrogen removal by BESs.
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Table 2. Removal of nitrogenous contaminant via different processes.

Reactor
Type

Traditional

process

Traditional

process

Traditional

process

Traditional

process

Single-
chamber
MFC
(microbial

fuel cell)

Single-
chamber
MFC

Wastewater

Synthetic
petrochemical

wastewater

Domestic

sewage

Sewage
taken from
the primary

clarifier

Synthetic

Synthetic

Raw coking

wastewater

Removal

Process

SND

Shortcut
SND

Anammox

Partial

Denitrification

Anammox

SND

Denitrification

Concentration

Rate

(mg/L NH,*-N)

127

TN =84.9 mg
L—l

TN =46 mg L™t

TN =227.60
mg L1

764

TN =350.4 +
7.9mg L™t

HRT/Voltage

24 h

9h

46 h

0.2h

35h

125h

Volume

4L

300 L

28 L

1L

28 mL

05L

Removal

Efficiency

87.81%

63.2%

88.38%

94.68%

96.8%

97.9+2.1%

Ref.

[32]

[33]

[34]

[35]
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Single-
chamber
MFC

Single-
chamber
MFC

Dual-
chamber
MFC

Dual-
chamber
MFC

Dual-
chamber
pMFC

Dual-
chamber
MEC

Dual-
chamber
MEC

Dual-
chamber
MEC

Dual-
chamber

Synthetic

Synthetic

Synthetic

Coke oven

Kitchen waste

effluent

Synthetic

Synthetic

Synthetic

Synthetic

SND

SND

SND

Ammonia

removal

Ammonia

removal

Denitrification

Denitrification

Denitrification

Nitrification

30

130

53.3

740

1550 + 20

NO3;™-N =1500
mg L™t

NO5™-N =100
mg L1

NO5~-N =50
mg L1

26.9

12 h

6.86 h

68 h

96h

32.4 h; 0.70
Vv

8 h; 1=40m
A

0.26kg N m"
3d-1

12L

0.1L

04L

1L

185L

0.15L

0.675L

12 L

0.2L

100%

98%

94.1%

40%

44.1-59.8%

0.25kg N m-

3 d—l

98.3%

97%

96.4%

22]

27
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MFC
Dual- o
) Nitritation- 41
chamber Synthetic 500 60 h; 0.80 V 1.49L 97.615.4% 4]
anammox
MEC
Dual- Municipal _ 125.7+6 g
B NOz™-N = 42
chamber Denitrification - 2.08 L NO3-N m3d- 42
49.33mg L™t 1
MFC sewage
Three- o
Municipal 43
chamber SND 45.73+2.46 24 h 04L 91.76+3.32% 4
Ve wastewater

2.2. Simultaneous Nitrification—-Denitrification Process

Ammonium contributes a significant fraction of the total nitrogen concentration. It can be removed through a
simultaneous nitrification—denitrification (SND) process, in which NH,* is firstly transformed to NO3~ by nitrifiers,
and then reduced to N, through the following denitrification process. Nitrification is an aerobic process, and thus
oxygen is a crucial factor in the conversion of NH,“to NO5;~. Moreover, an oxygen gradient within biofilms has
resulted in biofilm stratification in which nitrifiers occupied the outer layer, whereas denitrifiers dominated the inner

layer 441, and then SND could be achieved within one biofilm, leading to the removal of NH,* as N, in BESs.

Various kinds of reactor configurations with different aeration manners have been adopted to realize the SND
process in BESs. Virdis et al. achieved the SND process for the first time in a two-chamber microbial fuel cell
(MFC) in which the cathodic influent was externally aerated to supply sufficient dissolved oxygen (DO) for the
nitrification process 22 (Figure 2A). The research resulted in up to 94.1 + 0.9% nitrogen removal, with an effluent
concentration of nitrate and ammonium as low as 1.0 + 0.5 mg N L' and 2.13 + 0.05 mg N L%, respectively (Table
3). For the system, however, circulating pumps were needed to pump the aerated wastewater into the cathodic
compartment, which consumed additional electrical energy and increased the operational costs of the systems [44],
With an internal aeration diffuser, the SND occurred within the cathodic biofilm attaching on the surface of a
membrane filtration cathode made of carbon felt ¥2 (Figure 2B). The NH,* concentration was reduced as low as
0.76 = 1.01 mg N L in the effluent, with an initial concentration of 52.39 + 3.85 mg N L1. However, only 23.3 +
6.5% (8.15 + 2.00 mg N L) of NO3~ was removed from the cathodic solution, implying that the denitrification

efficiency was quite low in the designed system because of insufficient electrons donated by the anodic biofilm for
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complete denitrification 2. Wu et al. found that using an electroconductivity aerated membrane as the biocathode
substrate was a more efficient way to promote the utilization efficiency of DO through controlling the aeration
intensity 48 (Figure 2C). The designed MFC system achieved the highest NH,* removal efficiency of 80.90% (0.16
kg N m~2 net cathode chamber d™1) from wastewater with a C/N ratio of 2.8, and the concentration of NO3~ and
NO,™ in the effluent was reduced to as low as 0.12 and 2.18 mg/L, respectively. The maximum power density of
4.20 + 0.12 W m~3 was obtained at a current density of 4.10 + 0.11 A m™2 (external resistance = 10 X). Recently, a
membrane bioelectrochemical reactor was constructed by integrating an MFC into an aerobic membrane
bioreactor [47] (Figure 2D). It alleviated the biofouling because of the improved sludge properties in terms of the
reduced extracellular polymeric substance and mixed liquor volatile suspended solids, achieving the highest

nitrogen removal efficiency of 84.3%.
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Figure 2. (A) Schematic representation of the experimental setup, dual-chamber microbial fuel cell (MFC) for
simultaneous nitrification and denitrification 12 (B) Schematic of the integrated system, and ammonium evolution
in the cathode chamber. The reactor was equally divided into two chambers (an anodic anaerobic zone and a
cathodic aerobic zone) by a Plexiglas baffle, biocathodes for simultaneous nitrification and denitrification “2!; (C)

Schematic diagram of the EMA-MFC system, and nitrogen removal in the cathodic chamber [“8: (D) Schematic
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diagram of the MBER [4 and (E) single-chamber air-cathode MFCs for simultaneous nitrification and

denitrification 24!, Reproduced with copyright, Elsevier and Springer Nature.

Table 3. Efficiency of nitrogen removal via different process in Bioelectrochemical systems (BESS).

Concentration Rate Removal
Wastewater o Ref.
(mg/L NH,4*-N) Efficiency

Reactor Type Removal Process

Dual-chamber MFC SND Synthetic 407 94.1 £ 0.9% [19]
Three-chamber MFC  Shortcut SND Municipal 50 99.9% (48]
Membrane-aerated Membrane-aerated ] o
o Synthetic 500 + 10 948+7.7% 14U

BES nitritation-anammox
The sulfide removal o ) n
Nitrification Synthetic 26.8+0.3 96.4% (49]

and nitrification MFC

BESs with passive aeration can supply sufficiently dissolved oxygen to make sure the complete SND process has
a low concentration of harmful intermediates such as NO,™ and N,O. However, the aeration process consumes
electrical energy, leading to a less positive energy budget. An air-breathing cathode takes advantage of an air
permeable cathode substrate to achieve oxygen diffusion to the oxygen reduction catalyst layer, reducing the
energy requirement for aeration and increasing the electric current generation 49, Yan et al. achieved the SND
process in air-breathing single chambers through pre-enriching nitrifying biofilm on the surface of the air cathode
(341 (Figure 2E). With diethylamine-functionalized polymer as the Pt catalyst binder, the designed reactor removed
up to 96.8% of ammonia and a maximum power density of 900 + 25 mW m™2 as compared with 90.7% and 945 +
42 mW m~2 with a Nafion binder. Without pre-enrichment, a nafion binder cathode could also remove ammonia, but
the efficiency was reduced to 54.5%. The maximum total nitrogen removal efficiency reached 93.9% for MFCs with

the diethylamine-functionalized polymer (DEA) binder.

Yang at el. observed an upflow bioelectrochemical filter reactor (UBEF) which was designed without positive
aeration in-priority for treating real domestic wastewater. Moreover, since it was aeration free, the operation cost
per day of the UBEF was also decreased by 18.70%. This SND reactor was mainly composed of a reaction tank,
aeration pump, automatic controller, airflow meter, and air distributor, and the capital cost of these items was USD
69.2. On the basis of its pollutant removal abilities of 1.5 kg COD m™3d™! and 0.32 kg NH,*-N m= d, the capital
cost per ton of this SND reactor could reach USD 46.6 (COD) and USD 216.2 (nitrogen). Consequently, it can be
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easily concluded that the UBEF spent less, i.e., 33.69% of the capital cost per ton (COD) and 60.71% (nitrogen) as

compared with the SND sludge process.

2.3. Shortcut SND Process

The shortcut SND process controls the nitrification process of ammonia in the nitrite stage, followed by
denitrification, that is, the nitrogen removal process is NH,;* — NO,~ — N,. SND can reduce the amount of aeration
and the addition of carbon sources. Thus, the cost of shortcut SND could be significantly reduced relative to the

SND process.

The shortcut SND process has been considered to be a technically feasible and economically favorable biological
process for treatment, especially for those with high ammonium concentration or low nitrogen contained
wastewater C/N ratio BY, It has been successfully integrated into BESs because nitrate and nitrite could be
interchangeably used as electron acceptors BUB2IES |t has been revealed that nitrite could be reduced either
electrochemically or biologically in the presence of oxygen 211, A similar phenomenon was observed by Li et al. B4],
who suggested abolishing oxygen or inhibiting nitrite-oxidizing bacteria (NOB) to favor nitrogen removal. With the
addition of NaN3, for example, the total nitrogen removal was increased by 50% to the highest removal rate of
0.075 + 0.008 kg m~2 net cathode chamber d™1. However, a recent research revealed that the addition of NaN;
decreased the nitrate production, while it increased the N,O vyield by 5.6, demonstrating the addition of an inhibitor
limited the NOB activity and also, to a certain extent, the reduction of nitrite 23], A previous research demonstrated
that low dissolved oxygen concentration favored the growth of ammonia-oxidizing bacteria (AOB) relative to NOB
and was beneficial for the accumulation of nitrite (8. Therefore, limited dissolved oxygen promoted the

bioelectrochemical conversion of NH,* via the accumulation of nitrite instead of nitrate.

The shortcut SND process was generally carried out within a stratified cathodic biofilm. Recently, Li et al.
developed a three-chamber MFC with two independent cathode chambers sharing one anode chamber to carry out
the shortcut SND process 48 (Figure 3). For the reactor, one cathode chamber was aerated to supply oxygen for
shortcut nitrification to accumulate NO,~ from the conversion of NH,*, in which most of the NH,* was transformed
to NO,~, with a NO,7/NOg™ ratio of three. Then, the NO,™ enriched effluent was recirculated into another cathode
chamber, where autotrophic denitrification occurred and NO,™ was reduced to N,. It was found that the nitrification
operation time decreased with an increased DO concentration in the range of 1-3.5 mg L™1, because the higher
DO concentration stimulated the growth of AOB and accelerated the conversion of NH,*. The total nitrogen
removal efficiency achieved was as high as 99.9%, with a removal rate of 0.0125 kg N m™3 d! at a DO
concentration of 3.5 mg L™! (Table 3). Compared with conventional dual-chamber reactors, the three-chamber
system separated the nitrification and denitrification process into two independent cathodic biofilms, therefore,

making it easy to operate and it was beneficial for the stable operation due to the minimized impact of pH.
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Figure 3. Schematic of the three-chamber MFC to carry out the shortcut nitrification and denitrification process for
nitrogen removal. Modified from 48],

2.4. Anaerobic Ammonia Oxidation (Anammox) Integrated Process

In an MFC, organic substrates are oxidized by exoelectrogenic bacteria, which produce electrons that are
transferred to an anode electrode, and then flow to a cathode. The anode and cathode are linked by a conductive
material containing a resistor. Protons produced at the anode, migrate through the solution across a cation
exchange membrane to the cathode chamber where they combine with a reducible compound and electrons.
Bioelectrochemical denitrification is carried out by autotrophically denitrifying bacteria that are capable of accepting

electrons from a solid electron donor (e.g., a cathode electrode) (221,

NH,* can be removed through both nitrification and anammox processes. Anammox is considered to be a more
energy effective process relative to conventional nitrification because of the lower oxygen requirement, lower

energy consumption, lower sludge yield, and no need of adding external organic 28157158,

NH,* + 1.50, — NO, + H,0 + 2H* @)

NH4+ + N02-—> N2 + Hzo (5)

However, an inevitable problem of anammox is the increased concentration of NO3;™ as a byproduct. As a result,
the denitrification process has usually been integrated into the anammox system to denitrify the accumulated NO3".
Integrating anammox with denitrification, NH,* was successfully removed with no accumulation of NO3~, verifying
that coupling anammox and denitrification in MFCs was effectively operated 2. It was observed that sludge was
responsible for the anammox process, whereas the biofilm carried out the denitrification process. This could be due

to the fact that the cathode, as an electron donor, could promote the growth of denitrifiers within the biofilm, while
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suppressing the metabolism of anammox bacteria. Moreover, the anammox and denitrification process has been
observed in a wetland MFC system because of the significantly enriched denitrifiers and anammox bacteria in the
bottom layer of the central aerated MFC reactor (82, NH,*-N removal efficiency reached as high as 92%, along with

a total nitrogen (TN) removal efficiency of 69%.

Anammox along with the nitritation process has been realized in a membrane-aerated BES equipped with a gas-
permeable silicone membrane module to enhance nitrogen removal 1. The cathodic biofilm was stratified into
aerobic and anoxic areas to carry out the nitritation, anammox, and denitrification processes, respectively. It was
observed that the hydraulic retention time (HRT) was a crucial factor for both contaminant removal and energy
production. With an increased HRT from 20 to 90 h, the C/N ratio decreased from 1.1 to 0.5, and the DO
concentration increased from 0.2 to 1.2 mg/L. Therefore, the activity of anammox bacteria, denitrifiers, and
exoelectrogens were consequently affected. At an HRT of 60 h, the removal efficiency of NH,* achieved was as
high as 94.8 + 7.7% (Table 3). Increasing the HRT from 20 to 90 h, resulted in an increase in dissolved oxygen
content and a decrease in the activity of denitrifying bacteria. Oxygen took the place of nitrate as an electron

acceptor and competed with the AOB.

Zhang at el. found that anammox sludge could be used as an anode microbial catalyst to promote the efficiency of
anammox removal of total nitrogen (TN). The operation of the system with a nitrogen loading rate (NLR) of 1.74 kg
N m=3 d™! showed a TN removal rate of 96.3%, and the highest nitrogen removal rate (NRR, 1.69 kg N m™3 d™1)
was obtained. Compared with the open circuit (control group), it was increased by 14.9% and 0.30 kg N m™ d%,
respectively. The maximum voltage (39.8 mV) and power density (21.20 + 0.05 mW m3, standardized to anode

surface area) were also observed [61],

2.5. High-Strength Nitrogenous Wastewaters

The nitrogen removal process can treat high-nitrogen wastewater. It has a large application in industry, because
high-nitrogen wastewater exists in many industries, such as swine wastewater, soybean protein wastewater, and

chemical wastewater.

In electrochemistry, some studies have evaluated the microbial electrolytic cell (MEC) process to treat synthetic
wastewater with high ammonia nitrogen, such as pig wastewater. Lim et al. found that the average total nitrogen
removal efficiencies for the applied voltages of 0, 1, and 2 V were 39.8%, 49.5%, and 58.7%, respectively, when
the initial nitrogen concentration was 1992.7 + 86.2 mg L™ 62 Sevda et al. achieved an ammonia removal
efficiency of 40% and a stable power density of 112.50 mW m=3 at the HRT of 68 h from the treatment of
wastewater with an ammonia loading rate of 0.43 kg NH;™ m™3 d™! . The results demonstrated that a BES could

also achieve high removal efficiency of nitrogen from high-strength nitrogenous wastewaters.

2.6. Alternatives to Organic Electron Donors

For conventional BESs, organic carbon has been decomposed in the anode side to supply electrons for the

cathodic nitrogen removal. The organic carbon was altered to inorganic matters as an electron donor. Du et al.
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replaced the bioanode with a photocatalytic anode comprised of TiO, nanotube on titanium substrate and
evaluated the feasibility of biocathodic oxygen reduction and nitrification [£3 (Figure 4A). It was shown that the BES
removed 34% NH,* at an initial concentration of 78 mg L™ within 4 h. Sulfide was also used as an electron donor,
replacing organic carbon, to simultaneously remove sulfur and nitrogen (Figure 4B). The system achieved NH,*
removal efficiency as high as 96.4%, along with 92.7% sulfide treatment (Table 3). With sacrificial iron anode as an
electron donor, a biocathode-coupled electrocoagulation cell has been revealed to be able to support the
biocathodic nitrification process 84 (Figure 4C). The results demonstrated that the NH,* removal rate reached
6.77-7.28 mg L™ h™1, accompanied with almost complete algae removal and a positive energy balance of 4.52—
7.44 W m~3. The studies provided a new opportunity to remove nitrogen in the cathodic chamber along with the
treatment of other contaminants than organic matter in the anodic chamber, although their results did not examine
the complete removal of NH,* to N, instead of stopping at the stage of nitrification. NO;~ should be completely
removed before the nitrogen contaminated wastewaters are discharged into natural environment. Therefore, further
research should be carried out to evaluate the feasibility of such systems for complete conversion of NH,;" to N,

through incorporating denitrification process.
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Figure 4. (A) Biocathode coupled photoelectrochemical cell, modified from ; (B) Schematic diagram of the MFC.,
modified from ; (C) Schematic diagrams of biocathode-coupled electrocoagulation cell (bio-ECC) and the reactions

in the anode and cathode . Reproduced with copyright, Elsevier.

3. Structure of Cathode Biofilm
The anode generates electrons from organic matter and flows into the cathode after flowing through the external
circuit. Nitrate or nitrite reacts as corresponding electron receptors on the biofilm. The cathode electrode can

directly transfer electrons to the active denitrifying bacteria to remove pollution.

Electroactive nitrogen removal biofilm has been accumulated through both pure and mixed culture. For pure

species, the accumulated cathodic biofilm played a single role, such as nitrification, and denitrification, and then the
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contaminants were not completely converted to N, 62, Therefore, more attention has been given to inoculate
biocathodic biofilm with mixed species to achieve the purpose of completel removal of NH,*, and NO3™ as nitrogen
gas. Functional microbes require different oxygen levels to carry out the nitrogen removal process, and thus mixed
culture biofilm are stratified caused by the oxygen gradient . It has been revealed that the aerobic outer biofilm
layer was occupied by nitrifying microorganism, whereas the anaerobic inner layer was dominated by denitrifiers or
anammox bacteria. Stratification of the cathodic biofilm achieved multiple nitrogen processes within one bioreactor,
and thus was beneficial for the complete conversion of toxic nitrogen contaminants to nontoxic product of N,. To
achieve ideal stratified biofilm, the DO concentration should be well controlled to obtain a reasonable ratio of
aerobic and anaerobic biomass and avoid the accumulation of toxic intermediates such as N,O. Furthermore, the
thickness of the biofilm should be high enough to form an oxygen gradient from aerobic to anaerobic because a

thin biofilm would be easily penetrated by dissolved oxygen.

Community structure analyses has been carried out to understand the composition of the functional biofilm,
therefore, the relative abundance of microbes responsible for nitrogen removal could be revealed. It was observed
that the relative abundance of functional genes demonstrated distinct difference along with the oxygen gradient
within the cathodic biofilm. Denitrifiers such as Paracoccus and Pseudomonas spp. were more abundant within the
inner biofilm, whereas 3-proteobacterial AOB dominated the outer layers of the biofilm, because of the decreasing
DO gradient from outer layer to inner layer of the biofilm . Xiao et al. revealed that norB genes were more abundant
within the inner layer of a heterotrophic denitrification biofilm carrying out bioelectrochemical removal of nitrate and
inferred that N,O was mainly produced within the inner portion of the biofilm &, Meanwhile, the microbial structure
also depended on the physical location in the cathodic chamber. In membrane-aerated BESs carrying out the
nitritation-anammox process, on the one hand, AOB Nitrosomonadaceae accounted for 7.4% in the membrane
biofilm, whereas it decreased to less than 1% in both cathode biofilm and suspended samples, because of the
readily available oxygen on the surface of the aerated membrane for the growth of AOB . On the other hand,
anammox microbes of Candidatus Brocadiaceae dominated in the suspended samples with a relative abundance
of 10.3%, however, their relative abundance decreased to ~0.5% in the membrane and cathode samples.
Denitrifiers were the most abundant bacteria in the cathode biofilm, comprised of Comamonas, Paracoccus,
Dechloromonas, Thermomonas, Rubrivivax, Simplicispira, Thiobacillus, and Geobacter responsible for alleviating
nitrate accumulation. Additionally, the source of nitrogen was revealed to affect the microbial structure 84, It was
observed that NO,™, relative to NO3~, was the main screening for the microbial community of nitrogen removal
biocathode . Proteobacteria was the shared dominant phylum (40%) in biofilms fed with NO3~, NO,~, or a mixture
of NO3™ and NO,". However, Bacteroidetes was enriched within the biofilm fed with NO,~, probably because
Bacteroidetes favor NO,™ as an electron acceptor. Moreover, TM7 and Actinobacteria were enriched with NO3™ as
the sole electron acceptor, playing roles in nitrate removal. Oxygen was an electron acceptor that could be reduced
by electroactive microbes . Such oxygen reduction active microbes could accept electrons from the cathode and
transfer the electrons to oxygen, instead of NO3™ as the electron acceptor . For instance, Zhao et al. observed that
aerobic Truepera and Pelomonas accounted for 39.64% within cathodic biofilm fed with NO,™ as the initial electron
acceptor . Their presence in nitrogen removal biofilm could compete for the electrons and oxygen, and thus could

decrease the nitrogen removal capacity.
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| 4. Influencing Factors

4.1. Effects of Dissolved Oxygen

Many factors can affect the nitrogen removal performance in BESs. They can be divided into two categories, that
is, factors affecting the activity of nitrogen removal microbes and factors influencing the performance of electron

generation and transfer.

DO is a crucial factor to successfully carry out nitrogen removal processes. It should be well controlled because an
excessive low DO concentration would result in incomplete nitrification, causing accumulation of NH,*, while a high
DO could inhibit the activity of denitrifiers, leading to a decreased NO3~ reduction rate 68 |t has been observed
that a DO concentration of 4.35 mg L™! was optimal, resulting in the highest nitrogen removal efficiency of 94.1%
through BESs . Increasing the DO concentration to 7.24 mg L™%, the NH,* concentration decreased, but led to
NO3;~ accumulation and decreased the total nitrogen removal efficiency to 29.0%. A similar optimal DO
concentration of 4.4 mg L™! was determined by Zhang et al. (63, at which concentration the highest total nitrogen
removal efficiency was achieved. However, the optimal DO was determined as low as 0.5 mg L™1, accompanied
with a nitrogen removal efficiency of 52% because of the enhanced denitrification process 9. The different optimal
DO concentrations could be caused by the different thicknesses of the cathodic biofilms, therefore, a different DO
was required to achieve a suitable DO gradient to carry out the denitrification process. For aerobic cathodic biofilm,
a biological oxidation-reduction reaction (ORR) would be unavoidable due to the similar reduction potential. A
recent research observed that a simultaneous ORR benefitted the biological denitrification process because of the
decreased oxygen concentration 4],

4.2. Effects of CIN Ratio

The C/N ratio is another factor that affects the removal efficiency of nitrogen contamination with a traditional
bioprocess because organic carbon is required as an electron donor for heterotrophic denitrifiers /2. Autotrophic
denitrification requires a suitable C/N ratio. When the C/N ratio is from 2 to 2.7, the accumulation of nitrite is
significantly reduced. A high C/N ratio accelerates the growth of heterotrophic denitrifying bacteria in biofilms,
resulting in more electrons, while a lower C/N ratio facilitates the conversion of chemical energy into electrical
energy. This indicates that a high C/N ratio does not improve the autotrophic denitrification percentage in BESS,
although it could improve the nitrogen removal effect. Increased C/N ratios improved the ability of a BES to remove
nitrate and depress nitrite accumulation but did not improve the autotrophic denitrification process. A high C/N
ratios postponed increased electrogenesis but did not improve the electric production efficiency at the anode. The

autotrophic denitrification ratio decreased with an increasing C/N ratio 23],

For a conventional biological process, the optimal C/N ratio for aerobic denitrification has been determined to be
about five, and sometimes 9~10 X4, For a BES process, however, the cathode acts as an electron donor.

Therefore, the C/N ratio required for denitrification exists in a much broader range than that of a conventional
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biological process; especially, BESs can treat wastewaters with low a C/N ratio . Virdis et al. determined an optimal
C/N ratio of 3.02 accompanied with a total nitrogen removal efficiency of 77.7%, which was slightly higher than
76.8% for a C/N ratio of 1.88 . Zhang et al. observed that the removal efficiency of both ammonium and nitrate was
promoted with a decreased C/N ratio from 8.43 to 2.81 2. |n BESs with a high C/N ratio, both heterotrophic and
autotrophic bacteria coexist and together remove nitrogenous matters; whereas for wastewaters with a low C/N
ratio, autotrophic bacteria can be dominant and responsible for the removal of nitrogen compound with cathode as

the electron donor , thereby treating objects with a low C/N such as groundwater .

4.3. Effects of pH

The optimal pH for a conventional denitrification reaction is in the range of 7.0~8.0. During the denitrification
process, however, the pH increases because of the formation of alkali . Moreover, electrochemical active ORR
microbes usually exist within the aerobic nitrogen-removal biofilm . On the one hand, hydroxyl ions are released
during the ORR process 78, which further intensifies the basicity of the catholyte of denitrification BESs. An
unsuitable pH can inhibit the activity of enzymes related to nitrogen removal. On the other side, oxidation of NH,*
releases protons . Moreover, anodic degradation of organic matter also produces protons which can be transported
to the cathodic chamber through ionic separator /2. The protons are able to reduce the cathodic basicity to a lower
pH to a certain extent, for example, from 8.8 to 7.05 [Z8 which is beneficial for the biological reduction of
nitrogenous contaminants . Clauwaert et al. observed that complete denitrification was achieved and the nitrogen
removal rate doubled from 0.22 to 0.50 kg NO3™-N m™3 net cathode chamber d™! by controlling the catholyte pH at
7.2 [1A However, the method was not cost-effective because of the consumption of chemicals to adjust the pH.
Through changing the poised potential of an electroactive biofilm, an ano-cathodophilic biofilm was established to
oxidize organic matter and reduce nitrogen contaminants alternatively 8%, During the process, alkalinity, which
resulted from cathodic denitrification, could partially (19%) neutralize the anodic acidity caused by the degradation
of organic matter. The catholyte pH could also be kept stable (e.g., 6.5~7.5) by looping the acidified anodic effluent
as cathodic influent 1], eliminating the need for external chemicals to buffer the pH.

4.4. Effects of Hydraulic Retention Time

HRT was also evaluated as a factor affecting the performance of nitrogen removal by BESs. It was found that
shortening the HRT from 5.54 h to 2.27 h and increasing the temperature from 20 °C to 30 °C favored both power
generation and pollutant removal in an MFC where sulfide was removed in the anodic chamber and nitrate was
reduced in the cathodic chamber B2, The suitable HRT and temperature were determined as 2.27 h and 30 °C, at
which a nitrate removal loading of 14.4 + 0.3 g-N m~2 net cathode chamber d~! was achieved. Both the HRT and
temperature were revealed as factors in the performance of MFCs, because the HRT affects the supply of
substrate to the exoelectrogens, and the temperature influences the enzyme activity of microbes. At an optimal
HRT and temperature, the anodic exoelectrogens work at the highest efficiency and more electrons are supplied to

the electroactive denitrifiers, thus, achieving more efficient removal of nitrogen.

4.5. Effects of External and Internal Resistance
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External and internal resistance could affect the electron flux from anode to the surface of cathode in BESs.
Smaller external resistance could lead to larger electric current, and therefore, more electrons would be
transported to the cathodic surface to support the reduction of nitrogenous contaminants, and thus promote
nitrogen removal efficiency . It has been observed that an external resistor of 10 Q resulted in rest nitrogen
concentration under detectable limitation; however, only 38% of nitrogen was removed when the external
resistance was increased to 1000 Q 83l Yy et al. also revealed that the TN removal rate increased from 0.017 to
0.119 kg m™3 d1 with a decreased external resistance from 1000 to 10 Q in a denitrification BES over nitrite .
Moreover, the decreased external resistance led to a reduced accumulation of NO3™, i.e., the concentration
decreased from 88.73 to 26.97 mg L™* when the external resistance decreased from 1000 to 10 Q. The positive
relationship between electron flow and nitrogen removal was further confirmed by controlling the electric current
[84] with an applied current of 5 mA, the NO3™ reduction rate was determined as 0.104 + 0.005 mM N-h™1 which
was promoted to 0.225 + 0.004 mM N-h~1 with an applied current of 15 mA. Variations in external resistance have
been reported to change the electron transfer rate and alter the metabolic activity and substrate utilization kinetics
of electroactive nitrogen reduction microbes B3, A smaller resistance decreased the resistance of extracellular
electron transfer and promoted the electron transfer rate, which promoted the nitrogen removal efficiency €,
Moreover, decreasing the internal resistance was observed as an efficient way to promote the performance of
BESs because a lower internal resistance was also a benefit to promote electron flux. A traditional method to
decrease the internal resistance was carried out through addition of such chemicals as NaCl and buffer solution to
increase the ionic strength [B7B8IEA A recent study observed that an addition of a sponge made of polyester
polyurethane could decrease the solution resistance as well as cathodic charge resistance, and consequently

promoted a nitrogen removal efficiency of 90.73% as compared with 68.85% of MFC without sponge addition 22,

4.6. Effects of Cathodic Reactions

Cathodic reactions have been considered to be limiting factors of the performance of BESs such as MFCs 21, The
property of cathode substrate such as material and surface area could affect the polarization behavior of the
cathode, and further the electric current generation from BESs . With better performance, larger current would be
generated and more electrons would be provided for the bioelectrochemical reduction of nitrogenous contaminants.
It has been observed that ammonia migration rate, and TN removal efficiency was promoted with increased
cathode surface area, in a three-chamber MFCs with a middle chamber to contain NH,* wastewaters . It has also
been revealed that optimal spacing between the electrodes exited to achieve the largest NH,* migration rate and
TN removal efficiency , because it was observed that the internal resistance of BESs was related to the distance

between electrodes, further influencing the generation of electric current 22,

4.7. Other Factors

With respect to practical applications for treating real wastewaters, there could be other kinds of contaminants such
as heavy metals and antibiotics other than nitrogenous pollutants. These co-exiting contaminants would negatively
affect the function of both anodic and cathodic microbes, limiting the electron generation in the anode and further

inhibiting the activity of heterotrophic and autotrophic nitrogen removal microbes on the cathode side. Chen et al.
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revealed that graphene oxide promoted the lactate dehydrogenase release, as well as the reactive oxygen species
production, which further decreased the relative abundance of denitrification genes such as napA, nirS, and nirK
over long-term operation of denitrification BESs 23, The nitrate removal efficiency was reduced from 99.52% to
74.95% when the concentration of graphene oxide increased from 0 to 150 mg/L. Similar inhibition effects and
mechanism of vanadium have been revealed by a combined autotrophic denitrification process with sulfur and
hydrogen as electron donors 24, Consequently, the nitrate removal efficiency decreased from 98.06% at vanadium

concentration of 0 mg L™ to 52.16% at 100 mg L™! vanadium.

| 5. Future Perspective

As an important environmental contaminant, nitrogen can result in eutrophication and be harmful to the human
body. Therefore, a great deal of attentions has been given to the development of a novel technology to remove
nitrogen from the environment such as nitrogen gas. BESs have attracted much attention as a potential biological
technology for reducing nitrogen concentration because of their uniqgue advantages such as a broader C/N ratio, as
well as less energy consumption and sludge production. Prior studies have done a lot of work to evaluate
combined nitrogen removal processes, reactor configurations, influencing factors, etc., as has been summarized in

the present review. However, there are still several areas that need further investigation.

Electron flux is considered to be an important factor for nitrogen removal efficiency, especially for the autotrophic
denitrification process with the aid of electroactive denitrifiers receiving electrons from the cathodic surface. Much
attention has been given to promote the electron transfer rate from exoelectrogens to anodic surface or from the
cathodic surface to exoelectrogens through chemical modification of the electrode surface. Moreover, many other
methods have been examined to promote the performance of BESs in terms of electron production. These efficient
methods could also be effective to promote nitrogen removal efficiency in BESs; however, there have been few

reports on such methods to promote autotrophic nitrogen removal 221,

The electron transfer mechanism and kinetics between the biofilm/electrode interfaces were proven beneficial to
regulate the efficiency of BESs [28, The majority of attention, however, has been given to the biofiim/anode
interface. The mechanism of electron transfer from cathode to biofilm has great significance for promoting the
cathodic efficiency in terms of oxygen reduction and the removal of contaminants such as nitrogenous compound
(97, Therefore, more consideration is needed to reveal the electron transfer mechanism and factors of the electron
transfer kinetics between the cathode and nitrogen removal biofilm, which would be beneficial for further promoting

the removal efficiency of nitrogenous pollutants.

Currently, one challenge facing BESs is the scaling up for practical application to treat real wastewaters in terms of
optimization of the reactor configuration and operational parameters, long-term stability, investment, and

operational costs. The operation of large-scale BESs for nitrogen removal is beneficial for discovering key factors
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of nitrogen removal efficiency and evaluating energy budget and economic benefits for practical applications of
these biological systems.

Bioelectrochemical treatment of wastewater is usually an energy intensive process, and thus demonstrates
significant potential for treating nitrogenous wastewaters relative to traditional biological processes. When treating
actual wastewaters, operational costs have been given a great deal of attention. Therefore, adoption of BESSs,
independently or together with a traditional biological process could be an efficient pathway to reduce the total cost.
Moreover, the operation of a BES could simultaneously treat organic matter contained wastewaters, which would
further promote the potential of practical applications of BESs. Futhermore, the addition of a BES not only
facilitates the removal of contaminants, but also avoids the addition of an additional electron donor in the cathode
compartment, thus removing ammonia nitrogen at a low C/N ratio, which demonstrates a significant advantage
over traditional processes and expands the flexibility of a BES in practical applications. In summary, a BES has
advantages for treating nitrogenous wastewaters over traditional processes and provides a novel method to

remove nitrogenous matters from water environments.
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